Abstract. Efficient heat dissipation of high power and a high heat flux density for power electronic devices are demanded, along with high reliability, high power density, miniaturization, and a light weight. One solution is to transfer heat from the electronic device to the surrounding environment rapidly by heat sink, and the main basis for the choice of heat sink is its thermal resistance. Therefore the thermal resistance calculation for a heat sink is key to its design in the cooling system of power electronic equipment. Based on an analysis of forced air cooling, a thermal resistance model of a heat sink is developed; a simple, accurate calculation method for evaluation of the thermal resistance in forced air cooling heat sink is proposed in this work. The calculation method is verified by an ANSYS simulation; the validity and accuracy of the method is verified by the experimental results found herein.
Introduction
With the expansion of their range of application, the diversification of their functionality, the improvements in their integration, and their increasingly harsh working environment, power electronic device reliability design is required. An important factor affecting the reliability of electronic equipment is the thermal design thereof. The junction temperature of electronic devices will increase if heat inside the electronic devices cannot be transferred away timeously. The performance of an electronic device will diminish, or it may even fail, when the working junction temperature exceeds the maximum allowed [1] . The reduction in performance, or failure, of such electronic devices will cause changes in the circuit parameters resulting in interference. The thermal design of electronic equipment items mainly includes the selection of cooling mode and cooling medium, flow rate and flow control, the material used in its heat sink(s) and the structural design thereof, etc. Common cooling methods include: natural cooling, forced air cooling, liquid cooling, etc. [2] . Natural cooling cannot meet the demand of high-power electronic devices when the heat flux density exceeds 0.8W/cm 2 . Under normal conditions, the effect of forced air cooling is between five and 10 times better than natural cooling. Although the effect of forced air cooling is less than liquid cooling, its complexity, cost, volume, and weight are far lower than those need for liquid cooling. The reliability of forced air cooling is far higher than that of liquid cooling because liquid cooling needs to consider the replacement of coolant. The maintenance of a liquid cooling system is thus more difficult. Forced air cooling heat dissipation systems are therefore widely used due to their advantages which include: low cost, high reliability, and simplicity in high-power electronic devices. Forced air cooling is the main means of cooling used from systems operating at hundreds of watts, to several hundred megawatts.
Thermal resistance from the heat sink to its surroundings is the key parameter reflecting the thermal performance of a heat sink. The thermal resistance can be improved by design optimization according to the thermal resistance equivalent circuit of a forced air cooling system. The proportion of this resistance in the total thermal resistance is the biggest in the path of heat transfer for such electronic items [3] . Therefore the key to thermal structure optimization in such cooling systems is to reduce the thermal resistance of the heat sink. The structure parameters and cooling conditions are main factors affecting the thermal resistance of a heat sink. Optimization of the structure parameters is one of the main methods used when minimizing thermal resistance and improving the cooling performance. The shape optimization of heat sink is studied in [4] [5] . The effect of structure parameters, such as fin spacing, fin thickness and the number of fins on the device junction temperature has also been analyzed [6] [7] [8] [9] [10] [11] . Therefore, derivation of an expression for the calculation of thermal resistance has laid a foundation for the thermal structure optimization of a cooling system, in which, the objective is minimization of the thermal resistance of the heat sink.
The mostly commonly used formula of thermal resistance of heat sink in forced air cooling is [2] :
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This formula can only part-describe the effect of some of the structure parameters on heat dissipation according to (1) , and especially with regard to the thermal design of high-power electronic devices for which the error is greater. So, heat sink is simplified until it is deemed to consist of many pieces of metal plate [12] [13] , and a calculation formula for the thermal resistance is derived for use under forced air cooling conditions. The effect of the base plate and gap between the fins of heat sink was not revealed, and the error was bigger in high-power forced air cooling system. Only the gap between the fins is considered when analyzing and optimizing the thermal resistance of a heat sink [14] [15] , and a more accurate calculation thermal resistance is derived by considering the effects of the base plate and gap between the fins [16] [17] [18] [19] [20] [21] [22] ; however, the calculation method for fin resistance and fin spacing resistance is too complex. It is not conductive to the thermal structure optimization of a heat sink using thermal resistance minimization as its objective function. An easier calculation method for finding the thermal resistance ahead of its optimization is proposed based on this problem; the method is beneficial to the optimization of the structure parameters of a heat sink and the external cooling conditions applicable to the ISM3E 2015) electronic equipment served. The structure parameters describe the overall shape of the heat sink.
Calculation method of thermal resistance of forced air cooling heat sink
The model for the thermal resistance of an electronic device is shown in Fig.1 . There are two paths for heat transfer when the power electronic device is operational. The first sees heat transferred from core to shell before being dissipated to the surroundings by convection and radiation. The second comprises three stages: first, the heat is transferred from core to shell, then the heat is transferred to the heat sink which is in contact with the shell, and finally the heat is dissipated to the surroundings by convection and radiation. Thermal resistance is the key parameter reflecting the ability to dissipate heat along both paths. The equivalent circuit of thermal resistance of a power electronic device is shown in Fig.2 . The corresponding resistance along the first path is a junction to shell resistance The combination heat sink used in high-power electronic equipment cooling systems is analyzed here as an example. The structure of a heat sink is shown in Fig.3 . The equivalent circuit diagram for the thermal resistance for each cooling channel from heat sink to the external environment is shown in Fig.4 . The calculation process (Fig. 4) is as follows; the resistance of the heat sink is divided into four parts: the conductive thermal resistance of the top base plate, the conductive thermal resistance of the fins, the conductive thermal resistance of the bottom base plate, and the convective thermal resistance of the fins. It is represented by: 
In (3) to (7) R total is the total resistance of the heat sink, R th,b1 is the conduction thermal resistance of the top base plate, R is the convective thermal resistance of the fins, which is the parallel resistance of two sides of the cooling channel, k is the thermal conductivity of the heat sink material(s), l 1 is the thickness of the top base plate, l 2 is the thickness of the bottom base plate, W is the width of the heat sink, L is the length of the heat sink, H is the total height of the heat sink, and t is the fin thickness. The convective heat transfer coefficient in (7) is calculated as reported elsewhere [23] 
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Simulation
The calculated results for a combination heat sink on electronic load equipment are chosen as an example to verify the proposed method of calculation of the thermal resistance. The total power loss of an IGBT when the electronic load equipment is in working normally is (13); the relationship between thermal resistance, temperature change, and power loss is as follows:
So the temperature rise of heat sink surface is 24.8°C. The finite element simulation results for a steady temperature distribution, when the electronic load is working in an ambient temperature of 40°C are shown in Fig.6 ; the maximum temperature of the shell for IGBT when the electronic load equipment reached steady thermal equilibrium is 70.8°C. The maximum surface temperature of the heat sink is 64.8°C according to (14) , and Table I . The maximum temperature increase in the heat sink is 24.8°C, the results are agreed with calculated results of thermal resistance values. 
Experimental work
The experimental platform and temperature test system when the electronic load equipment is working on normally load are shown in Fig.7 . The anemometer (type DT620), thermometer (type TES1314) and data recorder (type LR8401-02) are used to measure the air velocity at the inlet and outlet, and the surface temperature of the heat sink, respectively. Fig.8 shows the transient temperatures at a total power loss of 4kW and when the ambient temperature is T a =22°C. The maximum surface temperature of the heat sink is 47°C when the cooling system reached thermal equilibrium. The experimental results agreed with those calculatied and simulated. The accuracy and effectiveness of the proposed calculation method of the thermal resistance of this forced air cooling heat sink were thus verified. 
Conclusion
A simple and accurate method for the calculation of thermal resistance is proposed on the basis of the problem of minimizing the thermal resistance of a heat sink under forced air cooling conditions. The common combination heat sink in a forced air cooling system is analyzed as an example. The total thermal resistance of the heat sink is divided into four parts: the conductive thermal resistance of the top base plate, the conductive thermal resistance of its fins, the convective thermal resistance of its fins, and the conductive thermal resistance of the bottom base plate. The calculation is verified by simulation and experimental results. The results show that the proposed method of calculation of thermal resistance is both accurate and effective. The method provides a reliable basis for the thermo-structural optimization of a heat sink under forced air cooling, and other, conditions.
